To investigate prospectively the feasibility of using optical tomography with ultrasonographic (US) localization to differentiate malignant from benign breast masses and to compare optical tomography with color Doppler US.
Tumor angiogenesis is known to be critical for the autonomous growth and spread of breast cancers (7, 8) . Tumor angiogenesis is a complex process that involves both the incorporation of existing host blood vessels into the tumor and the creation of tumor microvessels. This process is moderated by means of tumor angiogenesis factors (9) . In principle, the altered hemodynamics that accompany tumor angiogenesis provide a basis for discriminating between malignant and benign breast masses at color Doppler US (10) . The diagnostic value of color Doppler US in obviating biopsy, however, has been limited (11, 12) .
Optical tomography, a new technique that employs diffused light in the nearinfrared spectrum, provides functional images of tumor angiogenesis and tumor hypoxia. This technique has recently been investigated in several clinical pilot studies (13) (14) (15) (16) (17) (18) (19) . When a single optical wavelength is used, the optical absorption, which is related to tumor angiogenesis, can be measured. When multiple appropriately selected wavelengths are used, the optical absorptions at these wavelengths can be measured, and the proportions of oxyhemoglobin and deoxyhemoglobin can be calculated. Total hemoglobin concentration and tumor hypoxia can be calculated from oxyhemoglobin and deoxyhemoglobin distributions, which are highly correlated with lesion malignancy (20) . Because the intense scattering that is caused by the tissue limits the imaging resolution and lesion localization, optical tomography has not been widely used in clinical studies. Coregistration of optical tomography with US or magnetic resonance (MR) imaging has shown promise in overcoming these problems (17, 19, 21) . The use of a flexible light guide that consists of optical fibers makes optical imaging compatible with many other imaging modalities and allows for simultaneous imaging with identical geometric conditions. Information on lesion structure that is provided by other modalities can be used to assist optical imaging reconstruction and thereby reduce location uncertainty and improve the quantification accuracy of light.
A prior study on optical tomography demonstrated that, by using the a priori information on lesion location provided by coregistered US, the total hemoglobin concentration in two early stage invasive cancers was twofold higher than that of a small group of benign lesions (19) . Thus, the purpose of our study was to investigate prospectively the feasibility of using optical tomography with US localization to differentiate malignant from benign breast masses and to compare optical tomography with color Doppler US.
MATERIALS AND METHODS

Patients and US
The study protocol was approved by the local internal review board committee and by the Human Subjects Research Review Board of Army Medical Research and Materiel Command. Signed informed consent was obtained from all patients. The study was compliant with the Health Insurance Portability and Accountability Act. From May 2003 to March 2004, eligible patients were initially referred for US-guided biopsy, and the lesions were identified with US at the time of the study. Patients with lesions that were not visible at US were not studied. Three such patients, however, were included in the study because the location of the lesions was well estimated at either conventional mammography or MR imaging by one of the authors (E.B.C., A.A.C., or H.S.V.). The final study group consisted of 65 consecutive women (mean age, 51 years; age range, 24 -80 years) with 81 lesions. Eight additional patients were excluded from the final study group. One patient did not have a lesion that was visible at US after careful examination, and the optical data of two patients were not recorded appropriately owing to equipment failure. Two patients had lesions that were located close to dark nipples, and optical images showed nipple artifacts located at nipple-shadowing positions seen at US. Three patients had small dense breasts, and the poor probe-to-tissue contact produced image artifacts.
US examinations were performed with spatial image compounding and a 15-MHz linear transducer (15L8 Sequoia; Acuson, Mountain View, Calif). On the basis of US, conventional mammographic, and/or MR imaging findings, one of the authors (E.B.C., A.A.C., or H.S.V., all certified radiologists with 6 -20 years experience in US of the breast) scored each lesion before biopsy by using the Breast Imaging Reporting and Data System, or BI-RADS, classification. Category 1 lesions were classified as normal, category 2 as benign, category 3 as probably benign, category 4 as suspicious for malignancy, and category 5 as highly suspicious for malignancy. For color Doppler US measurements, any persistent color Doppler signals were considered to represent blood vessels. The location of the vessels with respect to the lesion was documented as either peripheral to the lesion, inside the lesion, or both.
Near-Infrared System and Optical Imaging Method
The hand-held hybrid probe consisted of a commercially available US transducer, which was located in the middle of the probe, and near-infrared sourcedetector light guides (optical fibers), which were distributed at the periphery of the probe (Fig 1) . The technical aspects of the near-infrared imager have been previously described in detail (22) . Briefly, the imager consisted of 12 pairs of dual wavelength (780-nm and 830-nm) laser diodes that were used as light sources, and the outputs of the diodes were coupled to the probe through optical fibers. On the receiving side, eight photomultiplier tubes were used to detect diffusely scattered light from the tissue, and eight optical fibers were used to couple the detected light to the photomultiplier tubes. The outputs of the laser diodes were amplitude modulated at 140 MHz, and the detector outputs were demodulated to 20 kHz. Eight detection signals and one reference signal were simultaneously amplified, sampled, and acquired into a personal computer (Dimension XPS B800; Dell, Round Rock, Tex). The entire data acquisition took about 3-4 seconds, which was fast enough to obtain data from all patients. For each patient, US images and optical measurements were simultaneously acquired before biopsy, which was performed at multiple locations, including the lesion site, a normal Commercial US probe is located at center of combined probe, and optical source and detector fibers are distributed at periphery of probe. Because diffused photons launched from a source and received by a detector travel in a curved path, lesions underneath US probe can be imaged with high sensitivity. symmetric region of the affected breast, and a normal region of the contralateral breast in the same quadrant as the lesion. Two normal areas-that is, one area of the affected breast and one area of the contralateral breast-were chosen to ensure that one of the normal areas could provide a better reference for tissue homogeneity. The final reference data set was selected on the basis of the linear fitting result of the received amplitude and phase profiles. The scattered field that was used for optical imaging reconstruction was calculated as the difference between measurements obtained at the lesion site and those obtained at the reference site.
One author (Q.Z.) performed optical imaging. Details of the dual-mesh optical imaging reconstruction algorithm have been described previously (21, 23) . Briefly, the near-infrared reconstruction uses US localization of lesions. The reconstruction algorithm then segments the imaging volume into a finer grid in the lesion region identified at US and into a coarser grid in nonlesion regions. To account for the possibility of larger angiogenesis extension in lesions identified at US, we used a much larger region of interest for mapping lesions on the finer grid. For all optical images, a 0.5 ϫ 0.5 ϫ 0.5-cm imaging grid was used for the lesion, and a 1.5 ϫ 1.5 ϫ 1.0-cm grid was used for the background. The maximum and average total hemoglobin concentrations of the lesion were measured. Averages were computed inside the lesion, with the total hemoglobin concentration calculated within 50% of the maximum value (ie, within the full width at half maximum [FWHM] region) (see Appendix for additional details).
Because the hand-held probe could be easily rotated or translated, at least three coregistered US and near-infrared data sets were acquired at the lesion location, and the corresponding optical absorption maps, as well as the distribution of the total hemoglobin concentration, were reconstructed by using coregistered US.
Statistical Analysis
For statistical analysis, sensitivity was calculated as TP/(TP ϩ FN), specificity as TN/(TN ϩ FP), positive predictive value as TP/(TP ϩ FP), and negative predictive value as TN/(TN ϩ FN), where TP represents the number of true-positive findings, TN represents the number of truenegative findings, FP represents the number of false-positive findings, and FN represents the number of false-negative findings. Information obtained at biopsy was used as the reference standard. A Student t distribution was used to calculate the statistical significance of the mean maximum and mean average hemoglobin concentrations obtained in the malignant group and the benign group. Commercially available statistical software (SAS, version 8.2; SAS, Cary, NC) was used for calculations, and P Ͻ .001 was considered to indicate a statistically significant difference.
RESULTS
Biopsy results for malignant and benign groups are indicated in Tables 1 and Tables  2. The malignant group included eight early stage invasive carcinomas, and the benign group included 20 fibroadenomas, 15 cases of fibrocystic change, eight cases of fibrosis, eight other solid benign lesions, 21 complex cysts, and one case of hyperplasia. No significant differences were demonstrated among findings in the benign group, but a more than twofold higher total hemoglobin concentration (Fig 2) was found in the malignant group (mean maximum [Ϯ standard deviation], 122 mol/L Ϯ 26.8; mean average, 88 mol/L Ϯ 24.5, as measured within FWHM region) compared with the benign group (mean maximum, 55 mol/L Ϯ 24.8; mean average, 38 mol/L Ϯ 17.4, as measured within FWHM region). Both the maximum and average total hemoglobin levels were significantly higher in the malignant group compared with the benign group (P Ͻ .001). When a maximum hemoglobin concentration of 95 mol/L was used as a threshold to separate malignant lesions from benign lesions, the near-infrared data of two fibroadenomas and one case of minimal nonatypical hyperplasia and fibrosis (which was classified as fibrosis) were above the threshold value (Fig 3) . The sensitivity, specificity, positive predictive value, and negative predictive value of optical tomography were 100% (eight of eight lesions), 96% (70 of 73 lesions), 73% (eight of 11 lesions), and 100% (70 of 70 lesions), respectively. There were three false-positive lesions (Table 3) . When a mean hemoglobin concentration of 66 mol/L was used as a threshold to separate malignant lesions from benign lesions, the same sensitivity, specificity, positive predictive value, and negative predictive value were achieved.
Optical tomography provided higher sensitivity and higher specificity than color Doppler US. Although blood flow was demonstrated at color Doppler US in five of eight malignant lesions, blood flow was also present in six (30%) of 20 fibroadenomas, six (40%) of 15 fibrocystic changes, two (25%) of eight cases of fibrosis, four (50%) of eight other solid benign lesions, and four (19%) of 21 complex cysts. The sensitivity, specificity, positive predictive value, and negative predictive value of color Doppler US were 63% (five of eight lesions), 69% (48 of 70 lesions), 19% (five of 27 lesions), and 94% (48 of 51 lesions), respectively. 
DISCUSSION
US is frequently used as an adjunct to conventional mammography in differentiating simple cysts from solid lesions. US also plays an important role in guiding interventional procedures, such as needle aspiration, core-needle biopsy, and prebiopsy needle localization (24) . Previously, screening US has also been recommended for patients with dense breasts (25, 26) . We believe that our technique, which incorporates optical tomography and US localization, has demonstrated great potential to noninvasively distinguish malignant from benign breast masses and thereby potentially reduce the number of benign biopsy results. In a previous study (19) , results obtained from two invasive early stage cancers and 17 benign lesions demonstrated that malignant cancers measuring 1 cm in diameter have an average maximum total hemoglobin concentration of 119 mol/L, whereas benign lesions have an average maximum total hemoglobin concentration of 67 mol/L. Thus, a nearly twofold greater total hemoglobin concentration was observed. Our study of eight early stage cancers and 73 benign lesions obtained at different clinical sites further demonstrates the diagnostic potential of this technique. In our current study, invasive cancers revealed a more than twofold greater total hemoglobin concentration. No false-negative results were found. Because our samples were limited, a larger prospective clinical trial is needed to validate these results.
In addition to the elevated hemoglobin concentration, information on the distribution of hemoglobin-that is, on the morphologic features of the lesion-is important in reaching an appropriate diagnosis. In general, the hemoglobin distribution of early stage invasive cancers appears isolated, and the lesion is well resolved; the hemoglobin distribution of solid benign lesions, however, appears more diffused. For larger complex cysts, a ring-shaped structure is sometimes observed around the lesions because of the substantial water content. Thus, cross-referencing the hemoglobin level and distribution with the results of standard imaging techniques will likely yield the most accurate diagnosis.
One potential limitation of optical tomography is the difficulty of imaging of lesions that are located close to dark nipple-areolar tissue. Because the light absorption of dark skin is high, the light perturbations that are attributed to the lesions may be secondary to the perturbations that are caused by the nippleareolar complex. Therefore, the optical imaging algorithm may not reconstruct these lesions correctly. In our study, two cases were excluded from analysis be- cause of this problem. A lighter-colored nipple-areolar complex did not appear to cause a problem. Also, lesions that were located more than 2 cm away from a dark nipple did not cause artifacts. Another potential problem is the poor probe-to-tissue contact that is made while examining small dense breasts. Three cases were excluded from analysis because of this problem. Good probe-totissue contact could be achieved by developing probes of different sizes that are suitable for smaller breasts. Currently, we have designed an optical switch that allows the selection of different probes that are suitable for the size of the examined breast.
Three benign lesions, including two fibroadenomas, one case of minimal nonatypical duct hyperplasia, and one case of fibrosis, showed a high total hemoglobin concentration that suggested high microvessel density. The high total hemoglobin concentration of fibroadenomas may be explained by the results of a pilot study on vascular features of fibroadenoma (27) . In this study (27) , two different groups of fibroadenomas were recognized. The first group showed low microvascular permeability and a high extracellular volume fraction. At histopathologic analysis, lesions with low vascular permeability had a lower density of small vessels. The second group showed higher microvascular permeability and a lower extracellular volume fraction. Lesions with higher microvascular permeability had a higher density of small vessels than lesions in the first group. In our study, the patient with minimal nonatypical duct hyperplasia and fibrosis showed significant enhancement at MR imaging, suggesting increased vascularity in the area of the lesion. This patient had undergone excisional biopsy at the same location 2 years earlier, with similar pathologic findings. It was therefore unlikely that a clinically important lesion was missed during the recent core biopsy. The residual angiogenesis resulting from changes associated with the normal healing process may be a possible reason for the enhanced vascularity.
We do not envision that our technique will be used as a screening tool because lesions must be visible at US to map the lesion and background regions for dualmesh optical imaging reconstruction. If lesion locations can be accurately estimated by using other imaging modalities, such as MR imaging, our technique could be expanded for lesion characterization by using those modalities, as well. More precise depth information, however, is required if data obtained with other modalities are not coregistered with the near-infrared data. The three reported cases of lesions seen at MR imaging or conventional mammography were reconstructed with accurate a priori knowledge of lesion location.
Because of intense light scattering, optical tomography alone has not been In addition, the systems that are used to acquire optical tomographic data vary considerably. Most of the optical systems use transmission geometry, in which either the light sources and detectors are deployed around the examined breast in single or multiple rings (13, 16) or the light sources are deployed on one side of the breast and the detectors are deployed on the opposite side with the breast compressed in between (17, 18) . It is clear that without a priori knowledge of lesion locations from other imaging modalities, no one has achieved significant and consistent improvements in accurate light quantification and, therefore, in the differentiation of benign from malignant processes. Only two examples that were related to our study were found in the literature (15, 28) . In one of the studies (15), the authors reported an average to- Incomplete ring with higher light absorption and high hemoglobin concentration was observed surrounding cyst. Although measured total hemoglobin concentration was highest in complex cyst owing to higher absorption ring, distribution was obviously different from malignant cases (maximum total hemoglobin concentration, 94 mol/L; average total hemoglobin concentration, 62.8 mol/L, as measured within FWHM region). Cysts, in general, have low light absorption (and therefore low hemoglobin concentration) owing to low water absorption in wavelength range studied. The higher absorption ring was likely caused by the cyst wall. This example suggests that both hemoglobin distribution and threshold level must be evaluated for accurate diagnosis of suspicious lesions.
tal hemoglobin concentration of 35 mol/L in a 2-cm ductal carcinoma in situ by using near-infrared measurements alone. After reprocessing the same nearinfrared data with an approximate lesion depth obtained from a separate US image, the average total hemoglobin concentration was increased to 67 mol/L (28). This value was closer to the average of 88 mol/L, which was obtained in eight malignant lesions in our study. In principle, deoxygenated and oxygenated hemoglobin distributions can be estimated from absorption distributions obtained at wavelengths of 780 nm and 830 nm. The estimated deoxygenated and oxygenated hemoglobin distributions, however, were not robust because the negative coefficients in the computation formulas (see Appendix) could lead to negative deoxygenated and/or oxygenated hemoglobin values in some imaging voxels. The total hemoglobin distribution is more robust because of the positive coefficients in the computation formula. Therefore, no deoxygenated or oxygenated hemoglobin distribution was computed alone.
In principle, the distribution of oxygen saturation can be estimated from two wavelengths (29) . For the two wavelengths (780 nm and 830 nm) that were used in this study, the estimated oxygen saturation in normal background tissue was not robust and could exceed the physiologic range. Recently, we added a 660-nm wavelength to the near-infrared system and found that the background tissue oxygen saturation can be estimated more reliably from measurements of 660 nm and 830 nm.
The reported malignant lesions were generally early stage cancers that were approximately 1 cm in diameter (except for one that measured 2.2 cm in diameter). For larger cancers, the angiogenesis distributions are complex and heterogeneous (29) . This heterogeneous distribution is dependent on angiogenic factors (9) and is related to the incorporation of existing host blood vessels into tumor and the creation of tumor microvessels. Blood flow through these tumor vessels is heterogeneous. Some areas may have high flow, whereas others may have slower flow and develop necrosis (30) . Tumors with relatively poor blood perfusion may not receive adequate delivery of systemic therapy. This lack of perfusion may be a factor in some patients who have poor response to chemotherapy treatment (31, 32) . Optical tomography for the imaging of larger tumors may be a valuable technique for mapping tumor angiogenesis and evaluating vascular changes, as well as tumor hypoxia, during chemotherapy (29) . This type of information could also prove invaluable in monitoring chemotherapy responses to breast cancer treatment and assessing treatment efficacy.
